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▼Restriction fragment length polymorphisms (RFLPs) were
first introduced as a tool for genetic analysis in the early
1970s and quickly became the major type of marker ap-
plied in the 1980s. Botstein et al. (Ref. 1) suggested the
development of a human RFLP linkage map using mark-
ers detected by Southern blot hybridization analysis. How-
ever, the Southern RFLP suffers from drawbacks, such as
the requirements for relatively large amounts of DNA, time
and labor. Recently, PCR-based techniques such as random
amplified polymorphic DNA (RAPD), simple sequence re-
peats (SSRs), and amplified fragment length polymorphism
(AFLP) have been developed to identify highly polymor-
phic DNAmarkers. These techniques have shown great suc-
cess in identifying informative molecular markers but have
primarily been used for the initial development of anony-
mous markers. In targeting marker development at specific
genes, PCR-RFLP, which primarily detects single-base poly-
morphisms in a piece of genomic DNA amplified by PCR,
plays amajor role in identifying polymorphismwithin gene
sequences.
A PCR-RFLP marker is the variation in DNA restriction-
fragment pattern defined by applying a restriction enzyme
or enzymes to the PCR product amplified from a set of
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individuals in a given population. According to this def-
inition, the enzymes and the selected individuals are im-
portant factors for detecting a polymorphism. Skolnick and
White (Ref. 2) discussed some factors that could help to un-
cover polymorphisms by using the standard Southern-type
of RFLP; for example, the size and source of the probes used
for identifying the polymorphisms. Although PCR-RFLP is
one of the most popular methods applied in genome map-
ping projects, no similar strategy for the systematic develop-
ment of a PCR−RFLPmarker has been published. Tradition-
ally, this type of marker has been developed by randomly
selecting restriction enzymes to digest the individual ani-
mal’s DNA in a given mapping reference population. Such
trials, however, could be labor-intensive, time-consuming
and waste precious DNA. For example, if we test five differ-
ent enzymes with 22 grandparent samples there will be 110
restriction-digested samples to be examined. In Southern-
based methods, blots can be hybridized with a number of
different gene-specific probes, thus, allowing the researcher
to re-coup the effort to produce such blots. But in PCR-
based methods, many restriction digestions must be per-
formed anew with each PCR product for every gene ana-
lyzed, and a number of parental samples must be tested in
parallel to identify segregating polymorphisms. A means
to reduce such effort would greatly improve PCR−RFLP
methodology. Here, we propose an improved strategy to
detect RFLP in PCR-amplified gene fragments by using 1)
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FIGURE 1. NRAMP1 PCR product amplified from the pooled F0 samples and digested with restriction enzymes. The tested enzymes shown from lanes
1 to 15 are: Dde I; Dpn II; Hae III; Hha I; Hinf I; 1kb ladder; Mnl I; Mse I; Msp I; Nla III; Nla IV; Rsa I; Ssp I; Taq I; and uncut. Potential polymorphism detected
by low level of restriction fragments are shown by white dots in lanes 3 and 5.
pooled DNA samples from the represented population and
2) a set of restriction enzymes that recognize variable 4
to 5 bp nucleotide sequences. Instead of examining each
individual animal for all tested enzymes, we propose to
examine the variable densities of digested fragments from
the pooled DNA sample that might imply allelic differ-
ence. As a demonstration, we report the development
of a PCR−RFLP marker for natural resistance-associated
macrophage protein 1 (NRAMP1) in pigs.
Briefly, equal quantities of genomic DNA from 22 grand-
parents in our reference families were pooled together and
the pooled samplewas amplified by usingNRAMP1 primers.
Aliquots of amplified PCR product (10 µl) were digested
with 13 different restriction enzymes according to manu-
facturer suggestions. The restriction enzymes used in this
study were Alu I, Bfa I, BstU I, Dde I, Dpn II, Hae III, Hinf I,
Mnl I, Mse I, Msp I, Nla III, Rsa I, and Taq I. Digested sam-
ples were electrophoresed through a 2.5% agarose gel and
visualized on a UV-light box. Several enzyme-digested sam-
ples (e.g. Hinf I, Hae III) showed different densities among
digested fragments that were considered to reflect potential
polymorphic alleles (Fig. 1). To confirm this hypothesis, the
PCR product from each F0 individual was then subjected
to digestion with Hinf I. Figure 2 demonstrates the Hinf I
polymorphism of digested samples from individual animals
as well as from the pooled DNA. Two alleles with distinct
size variation were observed in this population. The poly-
morphic fragments were approximately 0.6 and 0.45 kb (de-
noted as A allele and B allele) and allele frequencies were es-
timated as 16% (7/44) and 84% (37/44), respectively. Subse-
quent family analysis showed that these patterns segregated
without deviation from Mendelian expectation. There is a
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FIGURE 2. Individual F0 animals from pig reference families were digested with Hinf I enzyme and electrophoresed on a 2.5% agarose gel: lane 1, 1kb
ladder; lanes 2−11, individual grandparents; lane 12, digested PCR product amplified from pooled F0 sample; lane 13, digested PCR product pooled from
individual animals. The heterozygous animals (e.g. lane 2) can be easily distinguished from the homozygous animals (e.g. lanes 8, 9). Digestion of the
pooled samples shows variation in band densities for the two alleles.
clear difference in restriction fragment intensity observed
for the product amplified from the pooled DNA sample as
well as for a pool of PCR products obtained from amplified
individual samples (Fig. 2, lanes 12 and 13). Given the low
frequency of the A allele, this result suggests that the pro-
posed method is very sensitive in detecting allele variation.
Because no difference can be observed between amplifying
the pooled DNA or a pool of individually amplified prod-
ucts, we suggest using pooled DNA samples as a way of
finding new polymorphisms.
Our results demonstrate a simple, fast, yet sensitive way
of detecting polymorphisms and suggests a useful strategy
for developing PCR−RFLP markers for linkage studies. A
significant amount of the time and effort in gene-specific
marker development is often expended in identifying a
useful polymorphism. Once a PCR−RFLP is identified,
it is routine to genotype the population under study.
Thus, any technique that can increase the efficiency at the
polymorphism identification step could be a useful im-
provement of the process. Our pooling strategy also could
allow more enzymes to be tested than would normally be
used, because fewer PCR samples need to be digested per
enzyme employed, reducing labor and enzyme costs and
increasing the chances of finding an RFLP. In addition to
the NRAMP1 marker, this approach has been applied to
develop several additional PCR−RFLP genetic markers in
pigs. For example, markers for growth hormone releasing
hormone receptor (GHRHR; Ref. 3), ceruloplasmin (CP) and
RAF-1 (Ref. 4), and serotonin receptor subtype 2 (HTR2)
and endothelin receptor beta (EDNRB) (Sun, H.S. et al.,
manuscript in preparation) have been identified using this
procedure.
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Our method might miss RFLPs found in very low fre-
quency (2−5%) that would be found in comprehensive
but expensive individual sample testing. But such rare
polymorphisms are useful only if they are transmitted to
the next generation in the pedigree, where they would
constitute a higher proportion of the available alleles. A
sample of pooled DNA of such F1 animals could be added
to the analysis presented above with little additional work.
It is also possible that polymorphisms might be overlooked
by this approach when the allele frequencies are near 0.5,
because bands representing polymorphic restriction frag-
ments will be relatively equal in intensity. However, we
easily identified a polymorphism at one gene (HTR2A) us-
ing the pooling technique, which was later determined to
have an allele frequency of 0.36 and 0.64 (Sun, H.S. and
Tuggle, C.K., unpublished observations). Further, one sim-
ple way to avoid missing such polymorphisms is to check
the sum of the digested products and compare it with the
initial PCR product size. When the sum of the fragments
size differs from the uncut PCR product, potential poly-
morphism is suggested. In this specific case, as well as gen-
erally, problems of incomplete digestion should always be
remembered and controlled for, if possible.
Finally, this technique can be used to identify polymor-
phisms among pooled samples from different populations
in any species. As expected, we have observed that the
probability of finding an RFLP is increased when specific
primers are designed to span an intronic sequence. We
have found that genome-structure information for the
gene of interest, irrespective of animal species, can be
highly predictive of intron location in other species.
Thus, using genomic information across species and this
pooling technique should allow the rapid development of
PCR−RFLP markers in many species.
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